Editor: Dr. Jay Gan

1. Introduction {#s0005}
===============

Coronavirus disease 2019 (COVID-19) is an infectious disease caused by *severe acute respiratory syndrome coronavirus 2* ([@bb0290]). It was first reported in a small cluster in Wuhan, Hubei Province, China, on December 2019 ([@bb0175]; [@bb0130]), and subsequently spread all over the world ([@bb0005]). Starting from the end of February 2020, contagious of COVID-19 has spread in Italy, especially in the Northern area. At the beginning of March 2020, the World Health Organization has declared COVID-19 as a public health emergency of international concern ([@bb0270]) mainly due to its high contagiousness and aggressive course. Italy has been the first country in Europe to put in place a nationwide lockdown to protect the population health, through the implementation of a stringent confinement approach. Such a lockdown, imposed from Italian Government on March 9th, has put in place a number of economic policies, legal constraints and social rules and measures to limit as much as possible the movement of Italian citizens and their physical contact, thus making the whole country a protected zone ([@bb0285]). As such, around 60 million of people in Italy have currently experienced an unprecedented phase of lifestyle changes due to the outbreak of COVID-19 ([@bb0025]). As a consequence of these restrictions, most of the economic activities in Italy have stopped from one day to another, dramatically impacting on the national production and consumption processes.

The lockdown in Italy has also halted for more than one month the most impactful - for both ecosystems and human health - activities of production and consumption of energy and materials (such as transport and industrial manufacturing). The effects of these changes have been investigated in several recent studies that observe a meaningful impact mitigation of the atmospheric pollution associated with reduced anthropogenic activities during the COVID-19 outbreak in Italy ([@bb0100]; [@bb0050]; [@bb0075]). The reduction in such air pollution concentrations is also showed in a video produced by the European Space Agency using data gathered by the agency\'s Copernicus Sentinel-5P satellite ([@bb0090]). As before the lockdown, Northern Italy was one of the most polluted area in Europe. Some studies have therefore focused on analyzing the retroactive effect that pollution may have played on the lethality rate of the virus ([@bb0200]; [@bb0070]) and its spread ([@bb0220]; [@bb0225]). However, analyses investigating the proactive effect of lockdown on the environment are quite scarce and focus on air pollution in China ([@bb0015]). While the negative repercussions of the lockdown in Italy on the society and economic productivity of the country are evident ([@bb0180]), it is reasonable to hypothesize that tangible benefits for the environment have instead been generated ([@bb0190]). In particular, the lockdown related provisional closure and slow recovery of most of the economic activities in Italy is expected to have an impact on short-term greenhouse gas (GHG) emissions released in atmosphere ([@bb0115]). For instance, a preliminary study estimated that lockdown in China has temporarily reduced GHG emissions by a quarter ([@bb0035]). Unlike atmospheric pollutants ([@bb0065]), GHG reductions are difficult to be revealed via satellite imagery due to their long-term storage in atmosphere ([@bb0140]). Therefore, supplementary analyses based on the carbon footprint (CF) estimation, which is based on the GHGs inventory, are urgently needed to provide such a relevant information ([@bb0040]).

Lockdown in Italy has mainly concerned industries, commercial and transportation activities, which are strictly connected with the consumption of energy and their associated GHG emissions. According to the Italian GHG inventory submitted to the Climate Change secretariat of United Nations, in 2017, the energy sector in Italy has contributed to around 80% of the total country GHG emissions ([@bb0260]). This account mainly includes GHG emissions from energy used by industries and transport (which contribute with \~45% and \~29% of GHG emissions, respectively, to the total emissions from the energy sector), but also by other sectors (\~24%) ([@bb0260]). In the light of the lockdown imposed at the beginning of March 2020 most of the activities belonging to the energy sector in Italy have been shut down, with potentially huge effects on the associated CF. Understanding the causes and the effects of these potential impacts may be crucial to provide additional knowledge in support of the upturn of the Italian economic engine while reducing the negative repercussions on climate change ([@bb0280]). Assessing the CF mitigation opportunities originated from this exceptional lockdown event may reveal important insights on how to accomplish the current Italian climate targets and put a concrete basis on the effort required to reach them.

The national production of energy and its final demand, which also incorporates the CF associated with imported energy commodities, are responsible for the majority of GHG emissions due to the country activities (since energy is consumed in every branch of the economy). Starting from such a consideration, the aim of this paper was to estimate the impact on the reduction of CF potentially generated during and after the lockdown, by accounting for the GHGs emissions associated with the decrease in energy consumptions by each economic sector and area of province in Italy. While the lockdown contextual impacts are compared with the historical trends of GHG impacts calculated on a monthly basis for the timeframe 2015 to 2019, to assess the post-lockdown related CF a scenario-based analysis was performed, defining three possible scenarios of CF potentially occurring as a consequence of the variation of the Italian Gross Domestic Product (GDP).

Estimating and comparing the CF trends over time, space, energy consumption typology and economic sector in Italy allowed to raise some relevant questions of interest for both the scientific community and decision-makers, such as: how many GHG emissions have been saved in Italy during the lockdown?; what are the sectors that have reduced/increased their GHG emissions more?; which Italian regions have been affected more?. By addressing these questions, the results of this paper provide a timely background knowledge to possibly support long-term decisional processes in the field of climate change adaptation and mitigation strategies.

2. Materials and methods {#s0010}
========================

2.1. Case study {#s0015}
---------------

Italy is a Southern European country with a territorial extension of \~301′338 km^2^ and a high population density (more than 60 million people in total, with \~200 inhabitants/km^2^). According to the recent year 2018\'s statistics ([@bb0155]; see [Fig. 1](#f0005){ref-type="fig"} ), the spatial distribution of the resident population is quite heterogeneous across the 107 administrative country divisions being either a province or a metropolitan city (hereafter *Provinces*, for simplicity), which are grouped into 20 *regions*: around 46% of the total population is concentrated in the Northern regions (*Piemonte*, *Valle d\'Aosta*, *Lombardia*, *Trentino Alto Adige*, *Veneto*, *Friuli Venezia Giulia*, *Liguria* and *Emilia Romagna*), around 20% in the four central regions (*Toscana*, *Umbria*, *Marche* and *Lazio*), the \~36% of which in the province of Rome, and the remaining \~34% in the Southern Italy ("Mezzogiorno"), which comprises the regions of *Abruzzo*, *Basilicata*, *Calabria*, *Campania*, *Molise* and *Puglia*, and the islands (*Sicilia* and *Sardegna*).Fig. 1Context of the case study. Top: i) historical trend of greenhouse gas (GHG) emissions in Mt CO~2~e (both total and generated by the energy sector, the latter being \~80% of the total over time; source: IPCC GHG emissions inventory methodology; see [@bb0260]); ii) historical trends of the total gross domestic product (GDP) and GDP per capita normalised to the year 1990 and profiled using values at constant price, euro 2015 (source: [@bb0265]); iii) historical trend of energy consumptions normalised to the year 1990 (source: [@bb0095]). Bottom: i) distribution of resident population (60.4 million in total); ii) distribution of GDP per capita in 2018 across the 107 Italian province areas (source: [@bb0155]).Fig. 1

As also shown in [Fig. 1](#f0005){ref-type="fig"}, the economic productivity of the country (in terms of gross domestic product, GDP), has been smoothly increasing over time since 1990, with some periods of stagnation, decreases and low growth rates in the latest 20 years following in particular the global economic crisis of 2008 and the recession years of 2012 and 2013. The slight GDP upturn observed since 2015 has been now drastically interrupted with the occurrence of the COVID-19 outbreak related lockdown measures. These started at the end of February 2020 for some "red" province and municipality areas (according to the D.L. 23/02/2020 No.6), and covering the entire country for around two months starting from the 10th of March 2020 (D.P.C.M. 11/03/20) until the smooth re-opening of all the economic activities between the 4th May 2020 and the 17th and 24th of May 2020 (D.P.C.M. 26/04/20). In total, more than one hundreds among laws, normative acts and policies were exceptionally adopted by the Italian government for and during the lockdown phase ([@bb0105]), which counted approximately two months as it was considered in this paper: "March & April 2020". As discussed later in [Section 4.3](#s0090){ref-type="sec"}, selecting these two months as a reference lockdown period for the CF assessment model allowed more consistency in the GHGs accounts, since most of the data were provided on a monthly basis.

Understanding the environmental consequences (in terms of carbon footprint) of such a lockdown was the scope of this work. Historical trends of the Italian carbon dioxide equivalent emissions (hereafter "CO~2~e") such as CO~2~, CH~4~ and NO~2~, which represent the most common greenhouse gases (GHGs), are estimated on annual basis by the Intergovernmental Panel on Climate Change (IPCC) ([@bb0145]). According to the latest GHGs inventory protocol implemented by the IPCC, GHGs release trends follow the GDP growth rate until the end of the \'90s, after which the amount of emissions starts to lowering because of the larger use of renewable resources and energy solutions ([Fig. 1](#f0005){ref-type="fig"}). Most of GHGs release is allocated to the energy sector, which historically contributes to around 80% of the total CO~2~e emitted. The pattern of energy consumption flows, which include solid fossil fuels, manufactured gases, oil and petroleum products, natural gas, renewables and biofuels, non-renewable waste, heat and electricity (see next section), inherently follows the GHGs emissions trend. Then, it diversifies from the GDP in the latest years most likely because of the introduction of more clean technologies and the use of renewable resources. Not surprisingly, the domestic production share of renewables and biofuels has increased by \~25% in 1990 up to around 45% in 2005, and then again up to more than 70% in the latest 2016--2018 ([@bb0095]), which can partially explain the decreasing GHGs patterns observed in this timeframe ([Fig. 1](#f0005){ref-type="fig"}).

2.2. Methodology {#s0020}
----------------

### 2.2.1. Energy consumption accounts {#s0025}

The analysis conducted in this paper first focused on building a complete inventory of the energy flows consumed in Italy before the lockdown (monthly consumptions from January 2015 to February 2020) and during the lockdown (March and April 2020). A consumption-based approach (whereby *Consumption* = *Production* + *Imports* -- *Exports*) as previously proposed in [@bb0045] was adopted to calculate the net energy flows used up by the resident population and the industrial, agricultural, and tertiary sector activities. This approach is based on the compilation of a detailed inventory of the life cycle activities directly and indirectly needed to produce the energy flows eventually consumed by those sectors, following the Life Cycle Assessment (LCA) methodology ([@bb0110]). The scope and system boundary of the analysis is depicted in [Fig. 2](#f0010){ref-type="fig"} , which shows the typical size of the Italian energy metabolism. All types of energy flow available for transformation (i.e. solid fuels and manufactured gases, oil and petroleum products, natural gas, renewables and biofuels, non-renewable waste, heat and electricity), domestically produced and/or imported, transformed, and partially lost. Exports (included in the red box with dashed line in [Fig. 2](#f0010){ref-type="fig"}) were excluded from the energy account in accordance with the abovementioned consumption-based approach. All those flows eventually consumed by the different energy and non-energy economic sectors in Italy were accounted for and converted into kilo-tonnes of equivalent-carbon dioxide according to the IPCC Global Warming Potential methodology ([@bb0150]); see [Section 2.2.2](#s0030){ref-type="sec"}. Additionally, a time-series spatial analysis was performed to distribute this total impact across the Italian regions and provinces, as well as over time, starting from 2015 and comparing the effect of the lockdown restrictions on the accounting of energy flows and related impacts.Fig. 2Scope and system boundary of the analysis. The chart has been elaborated using Eurostat energy balance flows for Italy ([@bb0095]) over the historical timeframe 2015--2018 (temporal reference for data in this chart: 2018; note that the Sankey diagram for former years 2015, 2016 and 2017, is graphically very similar to the one of 2018); to be noticed that this chart does not visually include some marginal consumptions, such as for fuels to marine bunkers, stock build, international aviation and those lost in distribution and transmission, i.e. altogether, they represent less than 10% of the energy flows, that enter the final consumptions pathways, measured in kilo-tonnes of oil equivalent (ktoe).Fig. 2

### 2.2.2. Calculation of the carbon footprint (CF) {#s0030}

A carbon footprint (CF) analysis was performed according to the ISO 14067:2018 standard on Greenhouse gases --- Carbon footprint of products --- Requirements and guidelines for quantification. Since the ISO 14067 refers to the LCA methodological criteria for the quantification of the CF impact indicator, each energetic flow of national consumption was multiplied by the CF value estimated for each corresponding type of unit process from the ecoinvent v3.6 life cycle database ([@bb0080]). Those CF factors, reported in mass of equivalent CO~2~ per reference unit of energy resource, were calculated starting from the sum of GHGs emitted in the cradle-to-gate life cycle of each resource modelled by ecoinvent (fuels, heat, electricity, raw materials, etc.; see [Section 2.2.1](#s0025){ref-type="sec"}). These GHGs were then converted into CO~2~-equivalents using IPCC global warming potentials from the "[@bb0150] GWP 100a V1.03" method (implemented in the SimaPro software, [@bb0205]). All the calculated CFs and a comprehensive description of the reference datasets from the selected ecoinvent unit processes are reported in Table S1 of the Supplementary material (SM).

To avoid double counting of GHG emissions, the original ecoinvent datasets were manipulated at the level of combustion process to exclude all the GHG emissions not directly generated by the investigated fuel. For example, the GHGs associated with the life cycle of gasoline were represented by the sum of the GHGs generated during the upstream phases of the fuel life cycle (phases from cradle to selling gate, e.g. at service station) and the GHGs generated by the downstream combustion process. Therefore, the process "*Transport, passenger car, medium size, petrol, EURO 5 {RER}\| transport, passenger car, medium size, petrol, EURO 5*", which does include not only the input flow "*Petrol, low-sulfur {Europe without Switzerland}*", but also several other inputs describing the manufacture and use of the car, was modified to exclude the GHG emissions associated with these latter. The same approach was applied to the other combustion fuels, which represent the majority of energy consumption flows accounted for (see Table S1 in the SM).

### 2.2.3. Data availability, compilation and assumptions {#s0035}

#### 2.2.3.1. Approach for data disaggregation {#s0040}

As reported in Table S2-SM, complete coverage of energy consumptions data before the "lockdown" period, i.e. monthly consumptions by economic sector from January 2015 until February 2020, was available for natural gas, oil and petroleum products, and electricity consumptions. For these latter, in particular, data are typically disclosed on a daily basis ([@bb0240]; Table S3-SM) and provided by energy source, geographical origin of the imports and domestic consumptions (by sector for the years 2015--2018, as well as by province). Similarly, no distribution by sector (nor by region or province) was available for oil and petroleum products in 2019 and 2020. While for solid fossil fuels and manufactured gases, data was available until January 2020, disaggregated by economic (industrial) sector. In contrast, data regarding the monthly consumption of renewables and biofuels, non-renewable waste and heat was not available (only their total amount consumed in the years 2015--2018 was accessible through the Eurostat energy balance database) ([@bb0095]).

Some assumptions were therefore adopted to cover the gap in monthly data consumptions for electricity all along 2019 and the beginning of 2020 (January and February), as well as for the previous timeframe 2015--2018 concerning renewables and biofuels, non-renewable waste and heat. In particular, for renewables and biofuels, non-renewable waste and heat a disaggregation of the total annual consumptions over each month (between 2015 and 2018) was performed according to the share of equivalent (in usage functions) non-renewable energy fuels for which monthly data was instead available. More specifically, solar and geo-thermal energy (with exclusion of the portion dedicated to produce electricity), primary solid biofuels, charcoal, biogases and ambient heat (i.e. use of heat pumps), which are mainly exploited by the tertiary and housing sectors (for around than 90%, 70%, 90%, 80%, 55% and 95%, respectively, between 2015 and 2018 according to Eurostat statistics; [@bb0095]), were adapted to follow the monthly consumption distribution of natural gas in those sectors (where around 70% of this fuel is used over the same timeframe). Similarly, the monthly distribution of blended biogasoline and blended biodiesels followed the trends of conventional motor gasoline and diesel consumptions, respectively; finally, the distribution of consumptions of heat and industrial waste (non-renewable), which mainly belong to activities from the industry, followed accordingly the one of solid fossil fuels (i.e. coal products) in the industrial sectors. Regarding the distribution of electricity by sector in 2019 and 2020, the average monthly share from the previous 2015--2018 timeframe was used.

To estimate the GHG emissions burden occurring during the lockdown period (\~March and April 2020; see [Section 2.1](#s0015){ref-type="sec"}), complete datasets were available only for the electricity consumptions, and oil and petroleum products, and partially for natural gas (consumption data available only for the month of March 2020). Therefore, GHGs trends for the other energy flows (solid fossil fuels, renewables and biofuels, and non-renewable waste and heat) were estimated assuming the same consumption reduction rate observed for electricity, natural gas and oil and petroleum products in the months of March 2019 and April 2019. More details about the specific rates calculated and applied to estimate the missing data belonging to the lockdown period can be found in Table S2.

Regarding the spatial distribution of energy consumption flows, data was collected, elaborated and presented at the scale of province (third administrative territorial level in Italy; Nation \> Region \> [Province]{.ul} \> Municipality). Actually, this type of geographical resolution was available only for electricity and natural gas consumptions for the historical time series 2015--2018. Therefore, to disaggregate the energy consumptions from the first to the third hierarchical level a basic allocation assumption was performed concerning the other energy flow categories, as well as to estimate the consumptions distribution over the years 2019 and 2020. Since the consumptions data of electricity and natural gas were originally broken down by economic activity in each province, the average 2015--2018 share of each sectorial consumption across the 107 provinces was used in order to allocate the consumptions over the years 2019 and 2020. In parallel, a correspondence between the economic sectors of all the subcategories of energy was performed following the NACE Rev.2 classification system and aggregating the flows into 22 economic sectors belonging to 4 macro-categories of economic activity (Industrial, Tertiary, Housing and Agriculture sectors; see Table S4-SM for further details on the classification list). In parallel, for oil and petroleum products, solid fossil fuels, non-renewable waste and heat, and solid biomass products and biofuels, the consumptions per each economic sector was redistributed across the 107 provinces using the same shares adopted for electricity and natural gas. Despite still embedding some uncertainty, applying this allocation approach (instead of an alternative based on a population density, for example) allowed to capture information about the economic activities outside the household consumptions sector. For example, a province moderately populated but with high energy consumptive activities (such as a metallurgical production plant) realistically resulted in higher amounts of allocated energy consumption flows than a province without this type of activities in its territory.

#### 2.2.3.2. Approach for missing data estimation and definition of predictive scenarios {#s0045}

On top of the above data disaggregation process (by month, sector and geographical location), some assumptions were also adopted to cover the data gaps for solid fossil fuels and manufactured gases (concerning Jan-2020 and Feb-2020) as well as for renewables and biofuels, non-renewable waste and heat (concerning the latest fourteen months before the lockdown, between Jan-2019 and Feb-2020). To this end, a forecast function implemented in *Microsoft Excel* to predict values based on historical trends was used (see values in Table S2-SM), which builds upon the Holt-Winter\'s triple exponential smoothing approach ([@bb0020]). Adopting such a function was considered an effective, transparent and replicable solution to predict missing values in the present work, because of the capability of this algorithm to handle existing time series data trends with a seasonal component (which was the case of the datasets used in this study).

A final step of the analysis was to estimate the CF evolution after the lockdown period. Accordingly, three possible scenarios of CF trends were framed assuming that the impact will be directly associated with the expected upturn of the economic productivity in the next future. To this end, the CF intensity of the *added value* per each branch of activity in Italy was calculated using the disaggregated figures provided by the national institute of statistics in Italy ([@bb0155]), further re-aggregated on the economic sectorial breakdown of Table S4-SM, and the CF results obtained for the timeframe 2015--2019. Data on the added value were chosen since this corresponds to the difference between the total economic output and the value of intermediary costs, and can therefore allow to estimate the growth of the economic system in terms of new goods and services available for final use, disaggregated per branch of activity. Within the historical timeframe 2015--2019, the added value in Italy constantly matches up the 90% of the GDP. Hence, this ratio, which was assumed to not ideally change in 2020, was used to estimate the GHGs associated with the GDP projected by various sources. Accordingly, the following three scenarios based on GDP forecasts were defined and then the associated CF calculated as 90% of the GDP (using the added value\'s CF impact shares):1.[Business-as-Usual (BaU) scenario]{.ul}: in this scenario, GHGs emissions were associated with an increase in economic activities as high as the increase in GDP if COVID-19 outbreak (and consequent lockdown) was not occurring. Accordingly, an increase in GDP of +1.3% compared to the last year 2019 was estimated using the Holt-Winter\'s forecast function introduced above. Despite it is unlikely that such an economic upturn will happen, since at March 2020 the chained volume measure of GDP already decreased by 4.7% with respect to the previous quarter ([@bb0160]), such a baseline scenario is used to estimate the highest bound of the CF impact that might be possibly attained.2.[Optimistic scenario]{.ul}: it follows a rate of decrease in the GDP equal to −4.7% for the first quarter of 2020, with respect to the previous quarter of Oct-Dec 2019, whereby the carry-over for 2020 is −4.9%. This possibly represents the most realistic scenario.3.[Pessimistic scenario]{.ul}: it follows a rate of decrease in the GDP equal to −9.1% as estimated for the whole year 2020 by the latest International Monetary Fund growth projections on the real GDP ([@bb0135]).

It is worth noticing that in both the three scenarios the evolution of the GDP from the end of March 2020 until the end of December 2020 was estimated to run smoothly in order to keep a reasonable balance between the value of the GDP in the first quarter of 2020 (i.e. −4.7% as estimated by the ISTAT) and the value of the GDP at the fourth quarter, which was estimated independently for the whole year. This assumption must be considered as a methodological artefact to avoid predicting an upturn of the trimestral GDPs (at the levels of upturn predicted for the total GDP at the end of the year) already from the second quarter, which is inherently improbable. Therefore, an artificial rebalance of the "−4.7% factor" over time was applied recursively to the trimestral GDPs estimated as an equally allocated portion of the remaining GDP, i.e. *GDP* ~*i*~ = (*annual GDP* ^*2020*^ − *GDP* ^*1st-quarter\ 2020*^) / 3, with *i* representing the 2nd, 3rd and 4th remaining quarters of 2020. More specifically, a factor of −4.7% was artificially applied to the 2nd quarter-GDP; a factor of +2.35% to the 3rd quarter-GDP, and a factor of +2.35% to the 4th quarter-GDP.

3. Results {#s0050}
==========

3.1. Carbon footprint in the lockdown period {#s0055}
--------------------------------------------

The main finding of the present study is that the carbon footprint (CF) due to the energy consumptions occurring in Italy during the COVID-19 related lockdown (hereafter referred to the months of March and April 2020, for the sake of simplicity) is substantially lower than the CF calculated for the analogous periods in the recent years. As shown in [Fig. 3](#f0015){ref-type="fig"}a, this overall reduction reaches approximately −20% when compared to the average CF estimated for the months of March and April in the timeframe 2015--2019. In absolute values, this means an overall saving of GHGs in between \~5.6 and \~10.6 Mt CO~2~e during the lockdown in Italy. Particularly high is the difference between the CF calculated for April 2020 (\~26 Mt CO~2~e) and the CF calculated for April 2019 (around 29% higher). Whereas the difference between the previous months of March 2020 vs. March 2019 is lower and aligned with the average (\~18%). In contrast, the difference in CF estimated when comparing the pre-lockdown period with the same historical timeframe 2015--2019 is essentially negligible, being around +3% in January 2020 and −2% in February 2020 on average. In many cases, the GHG emissions estimated to have been released at the beginning of 2020 are higher than those estimated for the analogous period in previous years, up to an increase in the CF value of \~3.0 Mt CO~2~e (in the case of January 2020 vs. January 2019). [Fig. 3](#f0015){ref-type="fig"}a also shows that three main categories of energy consumption flows mainly contribute to determining the CF, which are *natural gas* (by around 37% on average in 2020), *oil and petroleum products* (\~30%) and *electricity* (\~25%). The CF shares of the other energy categories are marginal, being around 5% represented by *non-renewable waste & heat*, 3% by *renewable and biofuels*, and less than 1% by *solid fossil fuels*. More details about the contribution of each sub-category energy flow are provided in [Fig. 3](#f0015){ref-type="fig"}b, while [Fig. 3](#f0015){ref-type="fig"}c and d depicts, respectively, the daily trend in CF due to the *electricity* consumptions and the relative contributions to this CF of each electricity mix component in the two phases of pre-lockdown and lockdown.Fig. 3(a) Comparison between the Italian CF trend associated with energy consumptions in the pre-lockdown and lockdown periods, which correspond respectively to January--February 2020 and March--April 2020, vs. the CF trends calculated from the previous years (from 2015 to 2019) and occurring in the same timeframes. For the year 2020 a disaggregation by six macro-categories of energy flows is provided, which is further detailed in (b) \[variation in the relative contribution to the CF due to each consumed energy item in four energy flow categories, excluding electricity and natural gas\], (c) \[daily trend of CF associated with electricity consumptions\], and (d) \[variation in the relative contribution to the CF due to each components of the electricity mix, comparing pre-lockdown vs. lockdown periods; \*the item "self-consumption" also includes the avoided GHGs associated with pumping-consumptions and the GHGs associated with operational infrastructure inputs\].Fig. 3

[Fig. 3](#f0015){ref-type="fig"}b in particular provides two types of information. On one hand, it shows the relative contribution of each subcategory of energy consumption flow to the total CF of its overarching category, both in the lockdown period and in the past (for this latter, considering again the average share from the timeframe 2015--2019). For example, the CF associated with the category of *solid fossil fuels* is dominated by the impact due to the consumption of coke (estimated to be around 32% in the lockdown period, but with less uncertainty around 35% in the pre-lockdown period). While the contribution of gas oil & diesel oil covers more than 50% of the CF of its *oil and petroleum products* category, followed by the subcategories of liquefied petroleum gas and gasoline (\~10% and \~17%, respectively, in the pre-lockdown period).

On the other hand, the estimates of change in the share of contributions to the CF in each category (between the pre-lockdown and the lockdown period) suggest that, while in the categories of *solid fossil fuels*, *oil and petroleum products* and *non-renewable waste and heat* the overall distribution of the impact is kept quite constant over time (except for some exception; e.g. substantial reduction in the CF associated with gasoline and kerosene consumptions, by \~−35% and \~−64% on average, respectively), for the categories of *renewables and biofuels* some more relevant changes can be observed. For example, the CF associated with the use of primary solid fuels in this category decreases by around 54%, and with use of blended biogasoline and biodiesel by around 68% and 46%, respectively, whereas the CF associated with the use of geothermal and heat pumps increases by more than 80% in the lockdown period.

In terms of GHG emissions reduction rates associated with *electricity* consumptions, [Fig. 3](#f0015){ref-type="fig"}c highlights on a higher temporal resolution scale (daily consumptions) that the distance from the average CF due to past *electricity* consumptions in the timeframe 2015--2019 was even higher in the lockdown phase than for the other categories of energy flows. For example, an average reduction by \~16% and \~23% in March and April, respectively, is observed compared to CF outputs from the last year 2019, with peaks up to −49% on specific weekends such as the 21st--22nd of March and the 4th--5th of April 2020.

Interestingly, [Fig. 3](#f0015){ref-type="fig"}d highlights that a substantial increase in the relatively contribution of the renewable sources of energy to the *electricity* generated CF occurs during the lockdown period (by around 23%), while the CF associated with the use of thermal electricity sources diminishes by around 28%. This suggests that, although the "renewable" component of the electricity mix is not "carbon free", it has certainly contributed to considerably lowering the total value of CF due to *electricity* consumptions in the lockdown phase. More specifically, the CF associated with solar photovoltaics, electricity from geothermal energy sources, and hydropower increase respectively by \~68%, \~3% and \~6% in accordance with their consumption growths in the lockdown days of \~65%, \~1% and \~4% on average (as from the hourly energy balance datasets delivered by [@bb0240]; see Table S3-SM). While the consumptions of renewable energy carriers (among which the use of geothermal heat and ambient heat pumps, as indicated in [Fig. 3](#f0015){ref-type="fig"}b) have increased so highly in the lockdown phase, a general reduction in the use of fossil energy sources is observed which belongs to a significant decrease in the demand for combustion fuels (in particular with regard to fuels in the category of *oil and petroleum products*, the majority of which is imported and not domestically produced). Table S5-SM provides the monthly CF dataset for each energy consumption flow.

3.2. Spatial distribution of carbon footprint {#s0060}
---------------------------------------------

When looking at the distribution of CF across the 107 provinces of Italy, it is worth noticing that there is a tendency towards higher impacts in the Northern regions, with very few exceptions in the central and Southern parts, including the islands. For example, in March and April 2019 (see [Fig. 4](#f0020){ref-type="fig"}a) a CF value higher than 2 Mt CO~2~e (against an average CF by province of \~0.73 Mt CO~2~e) is estimated for six Northern Italian provinces (in descending order from the highest: Milano, Modena, Torino, Brescia, Bergamo, Ferrara), and only for the province of Rome as an area outside the North. Therefore, to better understand the territorial heterogeneity of the lockdown effects on the CF impact, an estimation of the CF avoided by each province as compared to the 2019 CF values was performed, starting from the assumptions that the energy consumptions across regions and provinces follow the same patterns observed in previous years (see [Section 2.2.3.1](#s0040){ref-type="sec"} for further details on the territorial allocation of the energy consumptions).Fig. 4Spatial distribution of carbon footprint (CF) impacts across 107 provincial areas in Italy: a) total CF calculated for March and April 2019, comparable with b) the CF impact saved in the same period during the lockdown phase; c) CF "per capita" calculated for March and April 2019, comparable with d) the CF impact saved in the same period during the lockdown phase (\~March and April 2020).Fig. 4

As shown in [Fig. 4](#f0020){ref-type="fig"}b, impact savings in absolute values mainly occur in the Northern provinces of Modena and Milano for avoided GHGs amounts of \~0.7 Mt CO~2~e ([Fig. 4](#f0020){ref-type="fig"}b), followed by other provinces located in the regions of Lombardia (i.e. Bergamo and Brescia) and Emilia-Romagna (i.e. Ferrara). Not surprisingly, those are the Italian regions that, together with Piemonte (headed by high impact savings in the province of Torino) underwent the greatest effects of the pandemic (see further discussion below in [Section 4.1](#s0080){ref-type="sec"}). Similar territorial distribution patterns of GHG emissions and CF avoided are observed when data are shown per capita, as in [Fig. 4](#f0020){ref-type="fig"}c and d, respectively. In this case, however, slightly more homogenous scatters are outlined between the regions in the North of Italy (showing the highest CF values in 2019 but also the highest CF avoided during the lockdown) and the regions in central and Southern Italy, with a tendency towards lower values (meaning higher CF per capita) when moving to the South. This is because of the higher figures of resident population in those Northern provinces of Italy, which contribute reducing the discrepancies between the areas with high CF and with high impact avoided (i.e. when looking at the total impacts, only the Northern regions cover more than 60% of the total CF avoided, since almost 50% of the total Italian population resides there). Table S6-SM provides the entire dataset of CF results for each province and economic sector.

3.3. Estimations of post-lockdown carbon footprint trends {#s0065}
---------------------------------------------------------

When looking at the total potential carbon footprint of Italy in the year 2020, an increasing trend of GHG emissions after the COVID-19 outbreak related lockdown measures is estimated as a likely consequence of the upturn in economic activities. As shown in [Fig. 5](#f0025){ref-type="fig"}a, such a growth in CF patterns is foreseen to occur with GHGs emission values in a range between \~434 and \~479 Mt CO~2~e, which depends on the upper and lower reference scenarios calculated for three possible trends of GDP expected for 2020. Compared to the past 2017, 2018 and 2019 years, this means a potential reduction of the total yearly CF of, respectively, \~−7%, \~−6% and \~−9% when considering the "pessimistic" scenario (lowest bound in [Fig. 5](#f0025){ref-type="fig"}a, where the 2020 GDP is expected to decrease by 9.1% as compared to December 2019). Conversely, in the unlikely case that the GDP will grow following a BaU pace (upper bound, scenario 1 in [Fig. 5](#f0025){ref-type="fig"}a), the total CF might even overcome the historical impacts, namely by \~3% (vs. 2017), \~4% (vs. 2018) and \~0.03% (vs. 2019).Fig. 5(a) Estimated total carbon footprint (CF) progress in 2020, considering the trend in the pre-lockdown and lockdown phases, and projecting the CF over the post-lockdown period according to three possible scenarios of CF potentially occurring as a consequence of the variation in GDP (see [Section 2.2.3.2](#s0045){ref-type="sec"} for further details); (b) disaggregation of the total CF by economic sectors relatively to the pre-lockdown phase.Fig. 5

The probability and extent to which those predictions will concretely take place highly depend on the variability in upturns of each specific economic production and consumption component. [Fig. 5](#f0025){ref-type="fig"}b discloses the relative contribution of each economic activity sector to the CF estimated in the pre-lockdown phase. Essentially the transportation services within the tertiary sector, which contribute to around 25% of the total GHG emissions, and a few industrial sectors such as the machinery, iron & steel, non-ferrous metals & other, and non-metallic minerals productions, which together contribute to around 17% of the total GHG emissions, dominate with the housing sector (\~29%) the CF estimated for the months of January and February 2020.

3.4. Carbon footprint intensity {#s0070}
-------------------------------

The necessary information to disaggregate the lockdown-related CF into actual shares of economic sectorial CFs was still not available at the date this study was performed. Therefore, it can be assumed that the abovementioned key-contributing sectors have undergone substantial changes in March and April 2020, with a lesser focus given to the housing one (since this includes households consumptions related CF which are likely to be less dependent on the lockdown restrictions). These economic activities represent major sources for the reduction of CF observed in this period (i.e. most of the decrease in energy flow consumptions observed in the lockdown phase strongly relies on the use of fuels, which are mainly burnt in the transportation as well as by the metals and minerals industrial sectors). Should the productivity of these economic sectors share change over the next months until December 2020, this will certainly contribute to modify the predicted patterns of the total annual CF. The extent of these changes, however, are impossible to be foreseen at the present stage. An attempt to better understand the link between the upturn of economic productivity and the yearly CF is included in [Fig. 6](#f0030){ref-type="fig"} , which provides information on the possible variation of the CF intensity after the lockdown phase (estimated per euro of GDP in 2020). This depends on the three GDP related scenarios defined for this study, and suggests that the negative impact expected to occur on the GDP in 2020 will seemingly affect the national CF intensity. In particular, a slight reduction of GHGs per Euro of GDP is estimated when compared to 2019 patterns, i.e. in a range between −0.4% (scenario 3) and −1.3% (scenario 1, which is less likely to occur than scenarios 2 and 3). While a moderate increase in the CF intensity is expected when comparing the 2020 trends with values from the previous timeframe 2015--2018.Fig. 6Trend of carbon footprint (CF) intensity (CF per euro of Gross Domestic Product -- GDP) calculated from January 2015 to December 2020. Curves for 2020 (post-lockdown) underpin three possible scenarios of CF potentially occurring as a consequence of the variation in GDP (see [Section 2.2.3.2](#s0045){ref-type="sec"} for further details).Fig. 6

4. Discussion {#s0075}
=============

4.1. Implications of the Italian lockdown on carbon footprint trends {#s0080}
--------------------------------------------------------------------

Over the past few months, the COVID-19 pandemic has caused an unprecedented crisis with strong implications on the economic sectors worldwide. Italy has been one of the most affected countries in the world by COVID-19. The consequent lockdown undertaken by the Italian Government has had strong repercussions on the productivity of its energy sector, which is considered the major responsible for the national GHG emissions (\~80% on annual basis; [@bb0260]). This study has focused on evaluating how the energy sector in Italy, in particular with regard to the carbon footprint associated with the final consumptions of energy, has been affected by the imposed COVID-19 lockdown in terms of GHG emissions released in the atmosphere. The analysis has revealed that the \~9 weeks of lockdown in Italy have determined a significant reduction of the CF associated with the Italian energy consumptions when compared with pre-lockdown periods ([Fig. 3](#f0015){ref-type="fig"}). Results have shown that the CF has decreased by around 1/5 with respect to the CF values in the 2019\'s period of March & April which corresponds to the lockdown in 2020 (\~−18 Mt CO~2~e). When looking at the categories of energy consumption that mostly contributes to the CF, reductions compared to the 2019 correspond to \~−4% for *natural gas*, \~−41% for *oil and petroleum products* and \~−19% for *electricity*.

Findings from this work have however revealed that the relative contribution of each typology of energy consumption flow to the total CF has not significantly changed during the lockdown compared to previous trends. This is especially true concerning the categories of *solid fossil fuels*, *oil and petroleum products*, *non-renewable waste* and *heat*. However, the decrease of CF due to consumption of kerosene in the category of *oil and petroleum products* has been remarkable and in agreement with the imminent crisis of the airline companies, which have been one of the hardest-hit industries in the early days of lockdown ([@bb0230]). Instead, in the *renewable and biofuels* category, our analysis has revealed a drastic increase of CF due to consumption of geothermal energy (which also includes the use of heat pumps) associated with a significant decrease of CF due to consumption of biodiesel and biofuels ([Fig. 3](#f0015){ref-type="fig"}), suggesting and confirming the likelihood that the mobility restrictions during the lockdown have played a key role to reduce the CF. It should be noted that for *heat* and *electricity* the lockdown has mostly entailed a shift of emissions from working places to households. In contrast, the transport sector has been essentially limited without any kind of shift to another transportation modality of the people. Transportation services during the lockdown have been limited to ensuring the supply of primary products and services (e.g. food, medical/sanitary care products, mails delivery, etc.), and therefore the GHG emissions associated with the transport sector have simply undergone a reduction.

This paper has also captured information about the spatial distribution of CF across the 107 Italian provinces, revealing that Northern regions were those with both the highest CF in the pre-lockdown, and the highest emission savings during the lockdown phases ([Fig. 4](#f0020){ref-type="fig"}). In particular, some provinces in Lombardia and Emilia Romagna have recorded the highest values of GHGs saving during the lockdown. This finding reflects the fact that Lombardia and Emilia Romagna historically represent the heart of the industrial productivity of Italy ([@bb0065]) characterized by a high level of pollution ([@bb0070]) also due to a specific geomorphology ([@bb0185]). Moreover, these regions have reported the first virus cases in Italy. As such, a large number of economic activities have been drastically reduced (if not completely shut down) from one day to another for several weeks, and the population has been confined for a slightly longer period than in other provinces of the central and Southern Italy. Similar patterns have been observed at the per capita level, where the North of Italy has recorded the highest values of both CF before and emission savings after the lockdown. Although the regions in the central and Southern Italy have recorded lower values of GHG emissions saved (both total and per capita), it is interesting to note how a Southern province, the Province of Taranto (Puglia region), shows CF values in line with those found in Northern Italy for both CF in 2019 and emissions saved over the lockdown. This is mainly due to the presence of a large steel manufacturing plant close to the urban area of Taranto, which operates since the sixties and it also been the subject of analyses investigating the exposure of local population to air pollution ([@bb0170]). Similar considerations about the link between the temporary closure of relevant economic activities, their spread in the national territory and the effects on CF can also be done for other areas, showing the sensitivity and effectiveness of the spatially-explicit model proposed here to trace CF impact distributions at the level of province.

This paper has also estimated the post-lockdown impact trends of the total CF according to three possible scenarios occurring because of the variation in GDP in Italy. This has been important to offer some preliminary insights on the relationship between economic (via GDP) and environmental (via CF) aspects in connection with the COVID-19 outbreak and the relative lockdown effects. Not surprisingly, the analysis suggests that the stronger economic crisis is, the more CF reduction occurs. Indeed, the BaU GDP-related scenario has corresponded to the worst-case scenario for CF and the pessimistic GDP-related scenario has corresponded to the best Italian CF performance. However, looking at the Italian CF intensity, this study has revealed that even in the pessimistic GDP-related scenario, Italian CF would record a higher value with respect to 2015, 2016, 2017 and 2018 levels. Instead, a slight reduction would be observed with respect to 2019 levels. This means that even the worst-case evolution in terms of GDP would not be sufficient to counterbalance the significant increase of Italian CF intensity occurred in 2019. In this context, the emergency of COVID-19 and the associated lockdown require us to reflect on the weakness of our system and the urgent need to rebuild a more robust, ethical and equitable social-ecological economy ([@bb0235]). Although this situation has caused an imminent global economic crisis, it should also represent an opportunity to rethink our future production and transport systems ([@bb0120]) and to make our society less vulnerable to future climate, ecological or public health risks ([@bb0030]). For instance, a general reconsideration of the transport sector ([@bib291]) is highly expected as well as an overall change in the supply chain strategy only based on economic driving forces. In general, it is expected that climate change may be treated with the same urgency as the COVID-19 pandemic ([@bb0125]).

4.2. Relationship between carbon footprint and the COVID-19 outbreak {#s0085}
--------------------------------------------------------------------

The present study, to date, is the first one to assess the "proactive" effects of lockdowns in Italy (i.e. fourth major GHGs emitter after Germany, UK and France in 2017; [@bb0085]) due to COVID-19 on the environment, focusing on the carbon footprint. A recent paper has estimated a daily global CO~2~ emissions decrease within the range of 11% and 25% by early April 2020 compared with the mean 2019 levels ([@bb0165]). Despite the methodological and scope differences, it should be noted that our findings are within the range estimated by [@bb0165]. However, with the data and information available to conduct this study, the retroactive effects such as direct cause-effect relationships between the spread of COVID-19 in Italy and the amount of GHGs released in the atmosphere could not be assessed, and they were left out of scope. Accordingly, several other variables not considered here can play a significant role and have a different weight in determining the probability of infection and its liaison with impacts on human health and ecosystems ([@bb0060]; Sobral et al., 2020). Nevertheless, this study has revealed that the greatest impact savings in terms of CF have occurred across the Italian regions with the highest records of infections. This observation has been statistically confirmed by a high degree of correlation (r = 0.60 of Pearson\'s coefficient) obtained by relating the total CF avoided per province with the number of positive cases to COVID-19 in each province ([@bb0055]). Since the longest and most constraining lockdown measures occurred in the Northern Italian regions of Lombardia, Piemonte and Emilia-Romagna, such a strong statistical correlation between the major infected areas and the highest GHG emissions saved confirms the effectiveness of the lockdown measures in reducing the CF of Italy.

On April 2020, the Mauna Loa Observatory has recorded a concentration of global CO~2~ in the atmosphere equal to 416 ppm ([@bb0195]), which is the highest value ever monitored. When looking at the results of the present study, such global observation might seem weird, because lockdowns have been implemented by most of the countries around the world. However, several reasons may explain this apparent contradiction. One of the most straightforward motivations is that CO~2~ resides in the atmosphere for many years ([@bb0140]). Therefore, the effect of a few months of lockdown on the global concentration of CO~2~ in the atmosphere may be considered negligible. Unlike atmospheric pollutants, GHGs persist in atmosphere making not perceptible the lockdown effect by using direct measurements or satellite monitoring observations. Consequently, environmental accounting-based estimations such as the one presented in this paper represent the only available tool to anticipate the forthcoming impact of drastic changes in economic activities worldwide (caused e.g. by such lockdown measures) on GHG emissions and associated climate change. GHGs inventory analyses based on official statistics and environmental accounting databases may provide robust results and constitute a relevant framework for further advancements in the assessment of environmental impacts. Accordingly, the CF trends estimated and disclosed in this study may be regarded as proxy indicators to better understand the impact trends due to other pollutants that are typically released by the same sources of GHG emissions, such as PM~2.5~, PM~10~, NO~2~ ([@bb0275]; [@bb0255]). Moreover, starting from the energy consumption flows inventoried here, additional investigations may be developed to assess the retroactive effects of COVID-19, thus also indirectly supporting the need for research on the role of environmental factors in transmission or lethality of COVID-19 ([@bb0210]). For example, further research may be conducted to understand the role and contribution of wooden biomass to the CF as well as other human health impact synergies. Since burning wood not only generates biogenic carbon emissions but also particulate matter, it is likely that exposure to biomass smoke might be associated with COVID-19 ([@bb0245]). Therefore, the role of wood combustion as source of atmospheric particulates (and therefore as an environmental co-factor that have potentially contributed to the extremely high level of lethality occurring in Northern Italy; [@bb0070]) might be put in the list of those challenges that deserve further, immediate, and in-depth experimental investigations ([@bb0215]). Because the consumption of natural gas for heating has not been substantially reduced during the lockdown (not surprisingly, due to the increase in housing activity), one could argue that the same occurred for the consumption of wooden biomass. A slight increase in biomass use for producing electricity (by around 2%) has been observed during the lockdown, and its contribution to the CF accounted for. However, no further evidence has been found in the literature to support the CF results of the present study concerning the role of wood combustion, since data about the consumption of renewable energy and biofuels was not yet available and could only be estimated.

4.3. Potential sources of uncertainty, model limitations and caveats {#s0090}
--------------------------------------------------------------------

The CF results presented in this paper are not free of potential uncertainties, which are mainly associated with the quality of the data inventoried and the methodological assumptions undertaken to build the assessment model.

A first limitation concerns the data coverage. The inventory of energy consumptions has been based on the most recent, up to date and comprehensive datasets of open data sources accessible on the internet, which cover every specific economic sector of production and consumption at the "Section" activity level according to NACE Rev.2. Nevertheless, the use of some specific energy flows for which data was available until January 2020 (i.e. those belonging to the categories of solid fossil fuels and manufactured gases) or 2018 (without monthly distribution; i.e. those belonging to the categories of renewable energy and biofuels, non-renewable waste and heat) could only be estimated for the remaining periods, which necessarily introduced a main layer of uncertainty in the analysis. Despite this uncertainty has not been quantitatively characterized, it can be argued that its propagation within the assessment model is relatively low. When looking at the timeframe 2015--2018 (for which there is a robust and full coverage of data), the sum of the relative contributions of those energy consumption flows to the total CF is seemingly much lower (\~7% of the yearly CF) than that provided by other categories of energy (notably natural gas, oil and petroleum products, and electricity; \~93%), for which instead an accurate and extensive dataset was available at least until March 2020 for natural gas, and April 2020 for electricity and oil and petroleum products. This certainly contributes to lowering the data related uncertainty and ensuring consistency in the overall CF output. Another uncertain aspect related to data pertains the consideration of the lockdown phase in the present model, which has been approximated to occur between 1st March and 30th April 2020. In reality, however, the lockdown period started at the end of February in certain areas and gradually over other regions until the first 10 days of March, when all Italy was covered. Similarly, the re-opening of economic activities was gradually permitted between 3rd and 24th of May. On top of the difficulty to model such a spatial and temporal variability, no data were available to account for the energy consumptions on a daily basis and until May, except that for electricity. This is the reason why a "monthly"-defined lockdown period covering March and April 2020 was assumed. Because electricity consumptions contribute by more than 25% to the CF during the lockdown, we can arguably infer that similar trends can be expected for the other energy consumption flows such as natural gas and oil and petroleum products. Table S7-SM provides the entire dataset of daily CF results for electricity, from 1st January 2015 until the 24th of May 2020. Not surprisingly, the CF trends do not substantially increase in the first half of May 2020, in compliance with the progressive re-opening of the economic activities. This suggests that a longer lockdown period could have been modelled in the present study. Taking the 30th April 2020 as the end of the lockdown period is nevertheless considered more reasonable and safe to keep consistency in the computation and increase the accuracy and representativeness of data.

A second layer of uncertainty can be attributed to i) the definition of three GDP-based scenarios implemented to predict the future trends of CF and their total amount for 2020, and ii) the methodological approach implemented to forecast the recovery of economic productivity between May and December 2020. In both cases, the uncertainty is associated with a set of arbitrary assumptions and calculation factors whose pertinence cannot be validated beforehand, but only when new data will be disclosed in the next future ([@bb0010]). The projections shown in [Fig. 5](#f0025){ref-type="fig"}, [Fig. 6](#f0030){ref-type="fig"} are based on the hypothesis of a progressive (and quite linear) recovery of the economic productivity in the post-lockdown phase. This recovery has been modelled using incremental factors defined a priori that estimate an upturn of the GDP at the 2nd, 3rd and 4th quarter of 2020 ([Section 2.2.3.2](#s0045){ref-type="sec"}). A sensitivity analysis was therefore run using several combinations of those factors within the range of −25% (i.e. where GDP at 2nd quarter is 25% lower than GDP at 1st quarter) and +4.7% (i.e. full recovery of GDP already in June 2020), which both underpin unlikely GDP occurrences. The variability of CF within this wide range brings to a delta of around \~36 Mt CO~2~e on average across the three scenarios, which represents around 8% of the total annual CF estimated in [Fig. 5](#f0025){ref-type="fig"}. Such a relatively low margin of error suggests that the approach of estimating CF trends as associated with GDP forecasts is a simplified practical solution to obtain realistic CF accounts. The constant trend of the CF to GDP ratio observed in the past timeframe (\~0.3 kg CO~2~e per Euro on a yearly basis; see [Fig. 6](#f0030){ref-type="fig"}), further supports this methodological rationale of using GDP as a proxy to estimate national CF profiles. Anyhow, the use of a less subjective and more sophisticated predictive modelling approach than the one adopted here could certainly reduce the uncertainty linked to the post-lockdown CF trends. In this regard, the application of data-driven estimation methods represent a valuable and effective alternative to ensure more consistency to the projections, as recently proposed, for example, to forecast the spread and fluctuations of COVID-19 infections (e.g., [@bb0250]). However, the scope of the present paper was centred on the CF assessment of the lockdown-related effects in comparison with historical trends, whereby the CF predictions made for the future months of 2020 only represent an informative add-on to the analysis, without claiming to become an absolute reference. Accordingly, such estimates must be regarded with care, and additional studies might be conducted in the future to build a specific prediction model, if needed for example to support decision-making process.

Results uncertainty may be eventually also associated with the use of CF factors applied to convert the consumption flows into CO~2~-equivalents. However, these factors have been calculated using a life cycle assessment approach, which is common practice for the calculation of CF. Moreover, each calculation has built upon best-in class data from life cycle inventory processes representative of state-of-the-art average technologies, the majority of which have an ad hoc coverage for Italy. Therefore, this third layer of uncertainty is marginal to potentially impact on the reliability of results when compared to the uncertainty introduced within the model by the other two sources above.

Additional research must be conducted in the near future to confirm and complement the preliminary findings from this study. The GHGs inventory compiled in the present work is fairly representative and complete for what concerns the assessment of carbon footprint associated with energy flows across all sectors of consumption. Because energy flows represent the major driver of every life cycle activity producing goods and services for final consumptions, it is therefore possible to argue that the majority of GHGs embodied in the yearly country consumptions have been taken into account. Nevertheless, the analysis has not included the GHG emissions indirectly due to the life cycle activity of imported raw materials and manufactured products not belonging to the different energy flow categories (e.g. waste, livestock). All these direct and indirect GHG emissions, although expected to be marginally affected by the lockdown, should be accounted for in the future to complete the CF assessment offered in this paper. Finally yet importantly, the carbon accounting balance should also consider the impact avoided due to carbon removals from the atmosphere typically associated with activities of land use, land use change and forestry.

5. Conclusions {#s0095}
==============

An unprecedented lockdown of social and economic activities due to the COVID-19 outbreak occurred in Italy for around two months, approximately between March and April 2020. Through a comprehensive accounting of GHG emissions associated with energy consumptions by every sector of the economy (industrial, agricultural, tertiary and housing) and province areas of Italy, this research study has estimated a relevant decrease in the carbon footprint burden by around 20% compared with 2015--2019 levels. This has been mainly due to a significant reduction in the consumption of natural gas, oil and petroleum products and electricity. Northern Italy has been the area with the highest emissions avoided during the lockdown even at the per capita level. A scenarios analysis based on three possible GDP prospects has further revealed that, even in the most pessimistic evolution of the GDP at the end of 2020, the reduction in CF impacts would not be sufficient to drive the Italian CF intensity values to levels lower than those assessed in the past timeframe 2015--2018.

A wide discussion nowadays concerns the Italian socio-economic "recovery" after the lockdown phase. Assessing the implications of COVID-19 related lockdown in terms of GHG emissions can provide crucial information about the potential repercussions of the Italian economy on climate change, giving important insights with regards to the potential opportunities to mitigate GHG emissions in the future. Despite these were certainly exceptional and drastic, the consequences of which for the economic upturn are still uncertain, such an experience has nevertheless opened up a new room for evaluating and eventually calibrating the deployment of more sustainable energy production and consumption models to achieve the Italian climate targets. Again, investments on renewable energies may be pondered to better understand the benefits of the effort required in terms of GHG mitigation. From this point of view, the outcomes illustrated here afford new knowledge upon which the implementation of sustainable finance, innovation and policy initiatives may be investigated to address climate change, which is still the biggest challenge of our times.
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